Introduction
Solution-processed organic field-effect transistors (OFETs) have recently attracted growing interest because they allow the large-area fabrication of flexible electronic circuits using low-cost solution processes such as spin coating, ink-jet printing, microcontact printing, and screen printing. In solution-processable organic semiconductors, self-organization behavior on substrates plays an important role in improving charge mobility. It is well known that a typical high-mobility polymer semiconductor of regioregular poly(3-hexylthiophene) (P3HT) spontaneously forms π-stacked lamellar structure [1] and its orientation and crystallinity depend strongly on the surface energy of substrates [2] . It has been reported that the field-effect mobility of P3HT FETs is remarkably improved by making substrates hydrophobic using self-assembled monolayers (SAMs) [2] [3] [4] . Since the carrier transport in OFETs predominately occurs within a few nanometers from the semiconductor/gate insulator interfaces [5, 6] , it is crucially important to investigate the microstructure of organic semiconductors near gate insulators.
In previous study, we have investigated charge transport at the surface of P3HT thin films and P3HT/substrate interface using OFETs fabricated by microcontact printing and found that the field-effect mobility is enhanced at the P3HT/air interface through air-mediated self-organization [7] . In this study, we fabricate top-gate P3HT FETs with various gate insulators to investigate charge transport at P3HT surfaces. In addition, the effect of SAM treatment on charge transport at P3HT surfaces is investigated using P3HT FETs with double-gate configurations.
Experiments
We fabricated P3HT FETs with both top-gate and bottom-gate configuration to compare their charge mobilities. The schematic diagrams of fabricated P3HT FETs are shown in Fig. 1 . A fabrication process of top-gate P3HT FETs is as follows. Source and drain electrodes (Cr/Au) were defined on glass substrates by photolithography. After the substrates were ultrasonically cleaned in acetone and isopropanol bath, the surface of the substrates were treated with UV/O 3 . Anhydrous chlorobenzene solutions of regioregular P3HT were spin-coated onto the substrates and fabricated P3HT thin films were annealed in vacuum at 100 °C for 1 hour. Then, CYTOP TM (Asahi Glass) or poly(methyl methacrylate) (PMMA) was spin-coated on the P3HT layers as a gate insulator. Finally, Al gate electrodes were deposited on gate insulators. In bottom-gate P3HT FETs, we used highly doped n + -Si wafers having 300-nm-thick thermally grown SiO 2 insulating layers as substrates. After the spin-coating of P3HT solutions, source and drain Au electrodes were deposited through a metal shadow mask.
In double-gate P3HT FETs, we used n + -Si/SiO 2 substrates whose surfaces were treated with UV/O 3 , 1,1,1,3,3,3-hexamethyldisilazane (HMDS), or octadecyltrichlorosilane (ODTS). The water contact angles of UV/O 3, HMDS, and ODTS-treated substrates were 6º, 83º, and 106º, respectively. To eliminate the influence of contact resistance on the field-effect mobilities in both modes, intrinsic (channel) mobilities were extracted using a transmission line method.
The electrical characteristics of these fabricated FETs were measured in N 2 atmosphere using Keithley 6430 and 2400 source meters. Figure 2 shows the typical transfer characteristics of top-gate P3HT FETs with CYTOP insulators and bottom-gate P3HT FETs with SiO 2 insulators. It can be seen that the drain current is significantly increased in leads to high mobility owing to the decrease in dipole disorder [8] . To investigate the influence of dipole disorder on mobility, we fabricated top-gate P3HT FETs with PMMA insulators (ε r ~3.9). The devices with PMMA insulators also exhibit high mobilities of 3.8 ± 0.4 × 10 -2 cm 2 /Vs. These results clearly show that the difference in mobilities between the top-gate and bottom-gate devices reflects the difference in the microstructure close to the gate insulators and the high mobilities in the top-gate devices are attributed to the highly ordered microstructures spontaneously formed at the P3HT surfaces [7] . Figure 3 shows the field-effect mobiliies in the top-gate and bottom-gate modes of double-gate P3HT FETs fabricated on SiO 2 insulators treated with UV/O 3 , HMDS, and ODTS. The water contact angle of substrates significantly changes the field-effect mobilities in the bottom-gate mode and the mobility is increased with decreasing surface energy of substrates, which are consistent with previous reports [2] [3] [4] . In contrast, the field-effect mobilities in the top-gate mode are almost independent of the substrate surface energy, indicating that the self-organization of P3HT molecules independently occurs at both surfaces of the P3HT thin film. We also see that mobilites in the top-gate mode are comparable to those of the bottom-gate mode on OTS-treated SiO 2 insulators, demonstrating high field-effect mobilities in top-gate P3HT FETs.
Results and discussion

Conclusions
We have investigated charge transport at surface of P3HT films and P3HT/substrate interface using top-gate, bottom-gate, and double-gate P3HT FETs. It is found that top-gate P3HT FETs exhibit high field-effect mobilities which are almost independent of the dielectric constant of gate insulators and the surface energy of substrates. These results show that the top-gate FETs have higher mobilities than bottom-gate FETs in solution-processed OFETs. 
